We present a new analysis of the lithospheric architecture of Africa, and its evolution from ca. 3.6 Ga to the present. Upperlithosphere domains, generated or reworked in different time periods, have been delineated by integrating regional tectonics and geochronology with geophysical data (magnetic, gravity, and seismic). The origins and evolution of lower-lithosphere domains are interpreted from a high-resolution global shear-wave tomographic model, using thermal/compositional modeling and xenolith/ xenocryst data from volcanic rocks. These data are integrated to map the distribution of ancient highly depleted subcontinental lithospheric mantle (SCLM), zones of younger or strongly modifi ed SCLM and zones of active mantle upwelling, and to relate these to the evolution of the upper lithosphere domains.
INTRODUCTION
The lithosphere is the outermost, relatively rigid shell of the Earth, made up of the crust and the underlying lithospheric mantle. Beneath the continents, the subcontinental lithospheric mantle (SCLM) varies widely in thickness, from a few tens of kilometers beneath active rift zones to >250 km beneath some ancient cratonic blocks. The SCLM, as sampled by xenoliths in volcanic rocks and some exposed massifs, consists almost entirely of peridotitic rocks (olivine + orthopyroxene ± garnet ± clinopyroxene ± spinel). Re-Os isotopic studies show that beneath some Archean cratons, the SCLM is at least as old as the oldest known crustal rocks (Carlson et al., 1999; Griffi n et al., 2004; references therein) .
From studies of mantle-derived xenoliths and the distribution of diamonds, Janse (1994) recognized that the nature of the SCLM is related to the tectonothermal age of the overlying crust, as defi ned by the timing of the last major tectonothermal event. We will use a modifi cation of Janse's terminology, in which the last major crustal tectonothermal event in Archons occurred at ≥2.5 Ga, in Protons between 2.5 and 1 Ga, and in Tectons at <1 Ga.
Data from xenoliths and exposed massifs show a marked secular evolution in SCLM composition, broadly related to the tectonothermal age of the overlying crust (Griffi n et al., 1998 (Griffi n et al., , 1999 O'Reilly et al., 2001) . Archon SCLM is strongly depleted in basaltic components, with highly magnesian olivine and pyroxenes, whereas Tecton SCLM is only mildly depleted relative to estimates of primitive mantle compositions; Proton SCLM tends to be intermediate between these two extremes. The secular evolution of the SCLM may refl ect changes in the processes that produce juvenile SCLM, or the progressive refertilization of old SCLM, or both (Griffi n et al., 2003b; Beyer et al., 2006) . Regardless of the interpretation, this broad cor-relation between crustal history and SCLM composition implies a strong linkage between crust and mantle, and the processes affecting both, over time spans measured in eons.
The secular evolution of SCLM composition has major consequences for the nature of crustal tectonics through time. Archon SCLM is buoyant relative to the underlying asthenosphere, and this buoyancy may have played an important role in the stabilization of cratons . Tecton SCLM, being less depleted, is buoyant relative to the asthenosphere as long as its geotherm remains elevated, but on cooling it is likely to become unstable, and may delaminate and sink. At some convergent margins, crustal thickening and the transformation of mafi c lower crust to eclogite may result in a more continuous drip-style of lithosphere removal (e.g., Sobolev et al., 2005) . In either case, the ensuing upwelling of asthenospheric material can lead to widespread crustal melting, as in the Central Asian Orogenic Belt (Zheng et al., 2006; references therein) . Refertilization of older SCLM by asthenospherederived melts leads to an increase in SCLM density, enhancing the probability of delamination. The nature and history of the SCLM therefore will affect the response of the overlying crust to tectonic stresses. Lithospheric architecture, and particularly the presence of boundaries between domains with different types of SCLM, will be important in controlling crustal tectonics, and especially the transport of fl uids and magmas from depth. This control may have important implications for the distribution of major ore deposits; an understanding of crust-mantle linkages and lithospheric architecture therefore has direct economic relevance.
Most of our detailed knowledge of SCLM composition comes from the study of xenoliths and xenocrysts brought up in volcanic rocks (Griffi n et al., 1999; O'Reilly and Griffi n, 2006;  references therein). However, these samples are scattered in time and space, and are not available for large areas of the continents. To map the SCLM, and to understand its evolution, we must turn to geophysical data, and learn to interpret these data in terms of SCLM composition and evolution.
In this paper we integrate high-resolution (275-km lateral cell size) global seismic tomography with data on crustal tectonic history and mantle petrology, to map the distribution of different SCLM types under Africa. Our aim is to understand the relationships between the threedimensional lithospheric architecture of the continent and its tectonic history; on a broader scale, this approach provides insights into the fundamental processes controlling the assembly and breakup of continents through time.
REGIONAL GEOLOGY AND TECTONICS OF AFRICA-AN OVERVIEW
This brief review of the complex basement geology of Africa (Fig. 1) focuses primarily on the timing and nature of major tectonothermal events that have affected specifi c areas. It is intended to provide a background for examining correlations between mantle composition, the geophysical signature of the SCLM, and the evolution of the overlying crust. Details of age relationships and alternative structural interpretations have necessarily been subordinated to this larger aim. To simplify reading, key references are gathered at the beginning of each section.
Since late Proterozoic time, Africa has been a center of continental accretion. Today it is surrounded on three sides by divergent plate boundaries; despite minor compression on its northern edge, it is essentially stationary. Global seismic tomography and geodynamic modeling suggests that it sits atop a major mantle upwelling, the African Superswell, and is beginning to break apart along the East Africa Rift Zone (Grand et al., 1997; Nyblade and Langston shields is covered by 2.2-2.1 Ga volcanic and sedimentary rocks of the Birrimian Supergroup, which were folded and intruded by granites during the 2.1-2.0 Ga Eburnian Orogeny. (Cahen et al., 1984; Walraven and Rumvegeri, 1993; Goodwin, 1996; De Carvalho et al., 2000; Tchameni et al., 2000) Archean basement rocks are exposed in four shields located around the edges of the Congo Craton; marked differences in geological history among these shields suggest they represent separate terranes, but the terrane boundaries are not defi ned. The Gabon-Cameroon Shield in the NW corner of the craton contains 3.2-2.99 Ga migmatites, gneisses, and remnants of greenstone belts, cut by 2.97-2.54 Ga granites. The 2.15-2.05 Ga supracrustal cover rocks (Fransevillian Formation) are cut by 2.04-1.92 Ga granites. The Bomu-Kibalian Shield (NE edge) contains 3.42 Ga tonalitic gneisses and 3.0-2.6 Ga greenstone belts, as well as metamorphosed 2.51-2.46 Ga granites. The Kasai Shield (SE edge) is a heterogeneous 3.01 Ga granulite complex, metamorphosed at 2.9-2.6 Ga; it is overlain by metamorphosed supracrustal rocks, which were cut by granite plutons at ca. 2.1 Ga. The Angolan Shield (SW Angola) consists of gneisses, metasediments, and a 2.82 Ga gabbro-charnockite complex. The basement rocks were metamorphosed at 2.8-2.7 Ga and intruded by granites at 2.6 Ga. A Paleoproterozoic (2.15-2.1 Ga) cover sequence is cut by 2.1-2.0 Ga Eburnean granitoids. (Borg and Shackelton, 1997; Manya and Maboko, 2003; Pinna et al., 2004; Schumann et al., 2004; De Waele, 2005) This small Archean block consists of two terranes, joined along the NW-striking Dodoma Schist Belt, which is intruded by 2.6-2.5 Ga granites. The northern block has basement ranging from 2.8 to 2.66 Ga, overlain by a molasse that is intruded by 2.6 Ga granitoids. The southern block contains 2.93-2.85 Ga tonalite-trondhjemite-granodiorite (TTG) gneisses and associated granitoids.
Congo Craton

Tanzanian Craton
To the SW, the Bangweulu Terrane has limited exposures of Archean granites and supracrustal rocks, intruded by 2.73 Ga granitic rocks. The northern half of this terrane contains ca. 1.87 Ga arc-related metavolcanic rocks, 1.84-1.72 Ga gneisses and a ca. 1.8 Ga rift-related basin. The terrane is interpreted as a Neoarchean microcontinent, strongly affected by tectonic events in the surrounding Paleoproterozoic mobile belts. (Cahen et al., 1984; Schlüter, 1997; Schumann et al.,1999 Schumann et al., , 2004 Schenk et al., 2004; Loose et al., 2004; Appel et al., 2005) Most of Uganda is underlain by Archean gneisses and granulites. The 2.9 Ga granulites in the western Nile area are intruded by 2.6-2.55 Ga granites. In the northwestern part of the craton, Archean granulites experienced ultrahigh pressure (UHT) metamorphism at ca. 2.4 Ga. This Archean block thus differs markedly from the Tanzanian Craton and the Bomu-Kibalian block of the Congo Craton. Its boundary with the Congo Craton is covered by the Neoproterozoic Oubanguides fold belt and sediments of the East African Rift Zone. Neoproterozoic cover and Archean rocks were reworked at 635-570 Ma. (Anhaeusser, 1990; Kröner Tegtmeyer, 1994; Goodwin, 1996; Blenkinsop et al., 1997; Brandl and de Wit, 1997; De Wit, 1998; Hofmann et al., 1998; Holzer et al., 1998; Frei et al., 1999; Kreissig et al., 2001; Dirks and Jelsma, 2002; Mapeo et al., 2004; Prendergast, 2004; Ramokate et al., 2000; Schmitz and Bowring, 2004; Griffi n et al., 2005) This composite craton is made up of the Kaapvaal and Zimbabwe cratons, separated by the high-grade Limpopo Belt. The Zimbabwe Craton contains a 3.5-2.8 Ga TTG complex, unconformably overlain by the 2.8-2.7 Ga Bulawayan Supergroup (komatiites, fl ood basalts, and sediments) and overprinted by ca. 2.6 Ga granitoids. The Great Dyke and its satellites cut the Craton at 2.57 Ga; during Proterozoic time the block remained uplifted, and no sedimentary basins formed.
Ugandan Craton
Kalahari Craton
The Kaapvaal Craton consists predominantly of granitoids with gneisses and narrow greenstone belts. Several terranes can be recognized on the basis of structural trends, the ages and distribution of greenstone belts, and granitoid ages, but much of the Craton is covered by Upper Archean basins, and terrane boundaries therefore are based on geophysical data. The Southeastern Terrane contains the oldest rocks, including 3.7-3.2 Ga gneisses, and the Mesoarchean Barberton greenstone belt experienced major 3.1-3.0 Ga magmatism. It is overlain by the 3.1-2.87 Ga Pongola Basin, the 3.07-2.7 Ga Witwatersrand Basin, and the 2.7-2.6 Ga Ventersdorf Basin. The Central Terrane is a narrow, NE-trending block consisting of 3.34-3.0 Ga gneisses, metamorphosed at ca. 2.6 Ga. The Pietersburg Terrane consists of 2.9-2.8 Ga TTG gneisses and greenstone belts, intruded by 2.7-2.6 Ga granitoids. The western parts of these three terranes are overlapped by 2.85-2.66 Ga supracrustal rocks, and then by 2.6-2.5 Ga Transvaal Basin rocks; the amalgamation of the eastern terranes occurred at >2.85 Ga. The Western Terrane is elongated N-S. It contains greenstone belts dated to 3.0-2.78 Ga on a basement of 3.25-2.88 Ga gneisses and granitoids. The 2.75 Ga granitoids occur on either side of the Colesburg Lineament, which marks the suture between the Western Terrane and those to the east. The northern part of the Craton was intruded by the 2.06-2.05 Ga Bushveld Igneous Complex.
The Limpopo microcontinent is an exotic crustal block caught between the Zimbabwe and Kaapvaal cratons, probably during a 2.7-2.6 Ga collision. It contains 3.3-3.1 Ga gneisses affected by granulite-facies metamorphism and granitoid magmatism at 2.7-2.57 Ga. The northern and southern marginal zones of the block are extensively deformed, and contain (possibly allochthonous) rocks correlative with the adjacent cratons. The peak of metamorphism was at ca. 2.56 Ga in the northern marginal zone, and at ca. 2.7 Ga in the southern zone. Metamorphism also may have affected the belt between 2.06 and 2.0 Ga, linked with events in the adjacent Kheis-Okwa-Magondi Belt, and the intrusion of the Bushveld complex.
1.79-1.73 Ga gneisses and migmatites, overlain by 1.25-1.1 Ga bimodal volcanics, crop out on the W and SW margins, and in tectonic windows to the N. The province was intruded by 1.4 Ga mafi c-ultramafi c rocks and 1.2 Ga granites; rhyolites erupted at ca. 1.1 Ga. Metamorphism of these rocks may have occurred only during the Pan-African Orogeny.
Mobile Zones
Areas immediately adjacent to (surrounding) the major cratons have been dominated by accretionary tectonics throughout the Proterozoic. These "mobile zones" include a variety of tectonic settings: Tecton, Proton, Tecton/Archon, Proton/Archon, and Tecton/Proton/Archon. (Black et al., 1994; Bruguier et al., 1994; Haddoum et al., 1994; Ferrié et al., 1996 Ferrié et al., , 2002 Caby, 2003; Liègeois et al., 2003; Peucat et al., 2003) The area east of the West African Craton contains several Archean to Proterozoic inliers, strongly affected by the Pan-African orogeny. The Benin-Nigeria Shield is a microcontinental block containing 3.7-2.9 Ga, TTG-type gneisses and deformed greenstone belts of Birimian age (2.2-2.0 Ga), intruded by 2.1-1.7 Ga and Pan-African granites. It docked with the passive margin of the West African Craton at 640-615 Ma, creating the Dahomeydes Belt of west-vergent nappes. The Tuareg Shield, comprising the Hoggar domains, includes Archean, Paleoproterozoic, and Neoproterozoic terranes, possibly amalgamated during the Eburnian Orogeny and intruded by 640-580 Ma Pan-African granites. Its Pan-African collision with the West African Craton is recorded in the strongly deformed Pharusian Belt, with ophiolites and arc-related volcanic rocks. The Western Hoggar domain includes Archean granulites and 2.65 Ga alkali granites, reworked during the Eburnian Orogeny (2.1-2.0 Ga). The Central Hoggar domain contains a thick stack of thrust sheets containing Archean complexes reworked in granulite facies in Eburnian time and overlain by ca. 2.2 Ga supracrustal rocks. Neoproterozoic subduction complexes are thrust onto the older rocks, and 620-580 Ma and 540-520 Ma granites are widespread. The Eastern Hoggar domain consists of migmatitic gneisses intruded by Pan-African granites. (Cahen et al., 1984; Hartnady et al., 1985; Lenoir et al., 1994; Möller et al., 1995; Maboko and Nakamura, 1996; Ring et al., 1997; Schlüter, 1999; Cornell et al., 1998; Feybesse et al., 1998; Boven et al., 1999; Muhongo et al., 2002; Ramokate et al., 2000; Tack et al., 2002; Hanson, 2003; Toteu et al., 2003; Cutten et al., 2004) Several polycyclic mobile zones and single fold belts of Proterozoic age occur between and around the cratonic blocks of Africa. The Ubendian Belt extends for 800 km SW of the Tanzanian Craton; it consists mainly of metamorphosed supracrustal rocks from a continental passive margin environment. Especially in the SW part, these rocks have been subjected to high-grade metamorphism (2.03-1.97 Ga) and granitoid intrusion (1.93-1.86 Ga) during collision between the Tanzanian Craton and the Bangweulu Terrane. U-Pb geochronology and Hf isotope analysis of zircons (unpublished data courtesy of Albidon Limited) confi rm that this orogen overlies Archean crust. The Usagaran Belt along the E margin of the Tanzanian Craton contains supracrustal rocks metamorphosed to granulite facies at 1.92-1.89 Ga, and 1.87-1.83 Ga calc-alkaline granitoids. Eclogites (ca. 2.0 Ga) occur in the central part of the Belt. The Ruwenzori Belt along the N edge of the Tanzanian Craton contains >2.0 Ga metasedimentary rocks of passive-margin affi nity and tholeiites, folded and cut by 1.85 Ga granitoids, all thrust onto the gneisses of the Craton.
West African Mobile Zone
Paleoproterozoic Fold Belts
The composite Kheis-Okwa-Magondi Belt runs along the western boundary of the Kalahari Craton. In the thin-skinned, east-vergent Kheis Belt, 1.98 Ga basalts and clastic sediments rest unconformably on Archean basement. They were folded and metamorphosed at ca. 1.9 Ga, and intruded by granitic rocks at 1.27 Ga and 1.18 Ga, and by mafi c dikes and sills at 1.12 Ga. The Okwa Inlier has a basement of ca. 2.1 Ga metamorphic rocks, which may be underlain by Archean rocks. The thin-skinned Magondi Belt NW of the Zimbabwe Craton contains a thick sequence of sediments and volcanic rocks deformed and metamorphosed at 2.1-1.96 Ga, and intruded by 2.0-1.93 Ga granitoids. The Kheis-Okwa-Magondi Belt was the Mesoproterozoic passive margin of the Kalahari Craton, and the extension of this margin is refl ected in mafi c and bimodal magmatism. Deformation of the Belt probably was caused by the accretion of terranes that today are buried beneath the Phanerozoic cover of the Nama Basin and the Neoproterozoic Damara Orogen.
The West Central African Belt evolved between 2.5 and 2.0 Ga along the western margin of the Congo Craton, and refl ects the Eburnean collision between the Congo and Sao Francisco Cratons. It contains reworked Archean rocks, metamorphosed and intruded by 2.1-1.92 Ga granitoids, and is overlain by early Neoproterozoic rift-related sequences that may be connected with the breakup of Rodinia. (Klerkx et al., 1987; Thomas et al., 1993; Jacobs and Thomas, 1994; Jacobs et al., 1997; Oliver et al., 1998; Robb et al., 1999; Dalziel et al., 2000; Goscombe et al., 2000; Frimmel et al., 2001; Mapani et al., 2001 Mapani et al., , 2004 De Waele and Mapani, 2002; De Waele et al., 2003; Hanson, 2003; Raith et al., 2003; Bulambo et al., 2004; De Waele and Fitzsimons, 2004; Duchesne et al., 2004; Johnson and Rivers, 2004; Kokonyangi et al., 2004 Kokonyangi et al., , 2005 Tahon et al., 2004; Schmitz and Bowring, 2004; De Waele, 2005; Johnson et al., 2005) The Kibaran Belt lies between the Congo and Tanzania cratons, and is thrust over the Paleoproterozoic Ruwenzori Belt. A Paleoproterozoic volcano-sedimentary sequence, deformed at 1.86-1.78 Ga, is exposed in the NE part of the Belt. Sediments from 1.4 Ga in age are intruded by 1.39-1.37 Ga S-type granites and large ca. 1.3 Ga mafi c-ultramafi c bodies. Tectonic rejuvenation at ca. 1.0 Ga produced more S-type granitoids. The Irumide Belt extends SW along the SE edge of the Tanzanian Craton and the Bangweulu Terrane. Archean and Paleoproterozoic rocks of the basement are overlain by 1.88 Ga rhyolites and sediments. The peak of metamorphism at 1 Ga was accompanied by widespread granitoid magmatism (1050-950 Ma). Farther to the SE, extensive areas of Mesoproterozoic gneisses have been called the Southern Irumide Belt, and interpreted as a stack of arc-related terranes imbricated during the Irumide orogeny. The Choma-Kalomo Terrane is a fragment of a Mesoproterozoic fold belt in southern Zambia; it contains 1.37 Ga granitic gneisses, and 1.2-1.17 Ga post-tectonic granites.
Mesoproterozoic Mobile Belts
The Namaqua-Natal Belt wraps around the southern margin of the Kalahari Craton. Island arcs docked with the SW part of the Kaapvaal Craton at ca. 1.28 Ga. A 1.25-1.2 Ga volcanic belt developed on the Bushmanland microcontinent before its collision with the Craton around 1.2-1.1 Ga. In the western part of the Belt, rifting developed between 840 and 730 Ma, before a Pan-African (550-530 Ma) thermal event. This Belt is bounded to the south by the narrow Neoproterozoic-Paleozoic Saldanian Fold Belt. (Barr et al., 1984; Dallmeyer, 1989; Pin and Poidevin, 1987; Hanson et al., 1988; Pinna et al., 1993; Stern, 1994; Schwartz et al., 1996; Kröner et al., 1997 Kröner et al., , 2001 Hanson et al., 1998; Armstrong et al., 1999; Vinyu et al., 1999; Kampunzu et al., 2000; Porada and Berhorst, 2000; Key et al., 2001; Mapani et al. 2001; Toteu et al., 2001; Kazmin, 2002; Ring et al., 2002; Thomas et al., 2002; Yibas et al., 2002; Hargrove et al., 2003; John et al., 2003; Katongo et al., 2004) The basement of the Zambezi Belt contains Archean to Proterozoic gneisses, overlain by strongly deformed metasediments and granites. The Zambezi Basin developed by rifting at ca. 880 Ma; it was strongly deformed 870-820 Ma, and again during Pan-African time. The Lufi lian Arc consists of deformed Archean to Proterozoic basement, overlain by Neoproterozoic volcanics and sediments, all thrust over the edge of the Congo Craton at 560-550 Ma. The Damara Belt is highly complex. In the Northern Zone, Neoarchean basement inliers and Paleoproterozoic lavas are overlain by ca. 750 Ma rift sequences, which pass upward into a thick turbidite sequence. The Axial Zone (Khomas Trough) contains turbidites, basalts, and alpine-type ultramafi c bodies, representing an oceanic assemblage metamorphosed around 520 Ma. The thick sediments of the Southern Zone represent the passive margin of the block to the south, folded, metamorphosed, and thrust over the Belt from 690 to 485 Ma. The Kaoko and Gariep belts are the northern and southern coastal arms of the Damara Orogen, and consist of deformed rocks of the Neoproterozoic passive margins; their counterparts are found in coastal Uruguay and Brazil.
Neoproterozoic Mobile Belts
The Oubanguides Belt (Central African Fold Belt) occupies a wide band between north and central Africa. The 1.7-0.90 Ga sedimentary rocks overlie 2.0 Ga basement. Late Neoproterozoic charnockites and metasediments were thrust over the Congo Craton margin at ca. 565 Ma, accompanied by granitoid plutonism.
The East African Orogenic Zone represents a wide suture zone between East Gondwana and the various plates of West Gondwana. The Arabian-Nubian Shield is a collage of island-arc and backarc terranes, with remnants of 900 Ma and younger oceanic crust. Amalgamation took place from 800 to 620 Ma, followed by extension from 620 to 540 Ma, with the formation of gneiss domes, bimodal magmatism, and sedimentary basins. The Mozambique Belt extends from the Arabian-Nubian Shield along the east coast of Africa. The northern part contains both juvenile terranes and blocks of Archean to Mesoproterozoic continental crust, swept together from 800 to 500 Ma. Farther south, sediments of the early Neoproterozoic passive margin are tectonically intercalated with Archean gneisses in Kenya and Tanzania. The basement of southern Tanzania, most of Malawi, and northern Mozambique consists of Paleoproterozoic to Neoproterozoic gneisses, metamorphosed in Pan-African time.
A series of Neoproterozoic belts rings the West African Craton. The Anti-Atlas Belt is a typical foreland fold-thrust belt, developed by rifting, sedimentation, and volcanism along the Craton margin ca. 800 Ma, followed by northward-dipping subduction (750-600 Ma) to form an island arc that collided with the Craton at ca. 615 Ma. The Trans-Saharan (Pharusian-Dahomeyan) Belt is a zone of nappes along the eastern margin of the Craton; most deformation occurred between 650 and 550 Ma, during the collision between the Craton and the Tuareg and Benin-Nigeria blocks. The Rokellides Belt and the Mauritanides-Bassarides Belt run along the western side of the Craton; Neoproterozoic marine and continental clastics, and some riftrelated volcanic rocks, overlie older basement and were deformed at 575-555 Ma.
The Pan-African tectonic episode ended with the amalgamation of Gondwana, which existed from Ordovician to middle Jurassic time. The Carboniferous Variscan Fold Belt along the NW edge of Africa marked the closing of the western Paleo-Tethys. Middle Jurassic time saw widespread Karoo magmatism in the southern part of the continent, preceding the breakup of Pangea and the formation of the modern oceans. During Cretaceous time a series of rifts with accompa-nied carbonatite magmatism cut Africa northeast from Benue; in Oligocene time the East African Rift began to form, leading to the opening of the Red Sea-Gulf of Aden in Miocene time. Cenozoic volcanism and associated uplift formed the Hoggar Swell in southern Algeria.
A TECTONOTHERMAL MAP OF THE UPPER LITHOSPHERE
The observations discussed above are summarized in a simplifi ed map showing the tectonothermal age of upper lithospheric domains (crust and uppermost SCLM) across Africa (Fig. 2) . The tectonothermal ages are assigned with reference to the crustal history. The boundaries of the domains have been defi ned using geological (including topographic), geophysical (gravity, magnetics, and seismic tomography; see below), and geochronological data. In areas of more detailed data, individual domains are typically 150-300 km across, but for the purposes of this map domains with similar histories have been clustered. Archons are shown where there is little evidence for major tectonothermal events after 2.5 Ga. Protons show areas of apparently juvenile crust 2.5-1.0 Ga in age, which has escaped later modifi cation. Tectons show areas where juvenile crust has been generated at <1.0 Ga. Areas of Archean crust that have been reworked between 2.5 and 1.0 Ga are shown as Proton/ Archon (P/A in Fig. 2 ); areas of Archean or Proterozoic crust that have been tectonothermally reworked since 1.0 Ga are designated Tecton/ Archon (T/A) and Tecton/Proton (T/P), respectively. Areas labeled (T/P/A) are former Proton/ Archon blocks reworked again since 1.0 Ga.
A key feature of the map is the extensive distribution of crust and upper lithosphere having an Archean heritage (A, P/A, T/P/A), including a large part of northeast Africa. A relatively modest proportion (ca. 30%) of African crust and uppermost SCLM is interpreted to be juvenile Proton (P and T/P), and much of this was reworked to varying degrees during Pan-African (ca. 650-500 Ma) time. Very little crust and upper SCLM appears to be juvenile Tecton, with the exception of parts of the Arabian-Nubian Shield and some of the rift zones across northern Africa. Signifi cantly, many areas interpreted as juvenile Proton and Tecton (including Tecton/ Proton) are covered by Neoproterozoic and/or Phanerozoic sedimentary cover sequences, and the possibility of an Archean substrate remains (e.g., much of northern Africa, the west coast of West Africa, southwest Zambia, and eastern Namibia). It is apparent that only portions of the Archean cratons have escaped reworking; the Congo Craton in particular has experienced crustal reworking around its edges, while the West African Craton is overlain by deformed cover rocks; the Proton/Archon classifi cation assumes that this deformation has affected the basement as well.
SEISMIC TOMOGRAPHY
Tomographic Data
We use a shear (SH)-wave tomographic model derived from SH body-wave travel times following the approach of Grand (1994) . The data include multi-bounce S waves and ScS waves. S and multi-bounce S waves that turn within the upper mantle are used to give better resolution of upper mantle structure than would be possible using only teleseismic shear-wave data. The velocity model is parameterized by blocks 75-150 km thick and 275 km on a side. As discussed by Grand (2002) , lateral variations in seismic velocity are much larger near the surface than at greater depths. Therefore, we performed the tomographic inversion in steps with an initial inversion allowing only the upper 175 km of the mantle to vary in velocity and then proceeding to allow deeper heterogeneity. Variations in velocity are calculated relative to a starting model using a 1D reference structure for the mantle discussed by Grand (2002) and the 2D Crust 5.1 model of Mooney et al. (1998) .
The raw model is unsuitable for most display purposes, being constructed on an irregular 3D grid. It was thus interpolated using a modifi ed 3D version of Shepard's method (Renka, 1988) and regridded to a 100-km cell size.
In most presentations of tomographic images, lateral velocity differences (from a predefi ned Earth model) are shown by a color spectrum in which high velocities are represented by "cool" colors (green to blue), and low velocities by "hot" colors (red to white). This practice refl ects the interpretation of seismic velocities in terms of temperature, i.e., high temperatures produce low velocities. However, compositional variations in the SCLM account for at least 25% of the variation in S-wave velocity (Vs) shown in these images (Griffi n et al., 1999; Poudjom Djomani et al., 2001; Deen et al., 2006) , and these compositional variations are of major interest here. Therefore, in the images presented below, the traditional color scale has been reversed to simply refl ect seismic velocity relative to the starting model; red to white colors denote high velocities, and dark green to blue colors show low velocities. This color scale also gives better defi nition of the heterogeneity within highvelocity regions.
The resolution of the model is limited by the original block size as well as available data. Checkerboard tests have been run for anomalies in each of the upper four layers. Figure 3 shows the results for a pattern of anomalies (2 × 2 blocks each) limited to the fi rst layer (0-to 100-km depth; Fig. 3A ), second layer (100-to 175-km depth; Fig. 3B ), and third layer (175-to 250-km depth; Fig. 3C ). The amplitudes of the input anomalies are not reproduced, but the lateral extents of the anomalies are well determined. Most of the error in the inversion is due to anomalies being spread in the vertical direction. This vertical smearing is evident in the immediately adjacent layers but weakens dramatically in successive layers. Smearing upward is more evident than smearing downward, and it is the latter that is of most concern here, given that the highest velocity anomalies occur in the top two layers. The checkerboard tests indicate that relative to the anomaly recovery in the input layers, downward smearing into the fi rst layer below the input layer is reduced by a factor of 1.5-2, and into the second layer below the input layer by a factor of 3-4. This suggests that vertical resolution beneath anomalies is on the order of 100 km (most upper mantle layers in the model are 75 km thick).
Given that the 2 × 2 block anomalies in the checkerboard tests are close to the optimal lateral resolution of the model, a synthetic test was constructed to examine potential downward smearing associated with thick (150 km; top two layers), craton-sized, high-velocity lids in Africa. This test ( Fig. 4) shows that the effects of these shallow anomalies are minor in the deeper layers (to 325 km), especially compared to the magnitude of the measured anomalies at 175-325 km. These test results indicate that the high-amplitude anomalies in layers 3 and 4 cannot be entirely due to smearing of anomalies from the overlying layers. Overall, the inversion should result in a good spatial mapping of average upper mantle shear velocity. In particular, although there may be some artifi cial smearing of shallow high velocity to greater depth, the inversion defi nes regions that have thick (at least 200 km) high-velocity lithosphere with good lateral resolution.
Major Features-Depth Slices
Figures 5-8 present horizontal slices through the tomographic model. The specifi c color scales chosen for individual layers have been chosen to refl ect the overall decrease in ΔVs with depth, while enhancing our ability to image variability within a single layer.
Depth Slice of 0-100 km (Fig. 5)
In this depth slice, the cratons show up as red to white, indicating higher Vs, whereas the East Africa Rift shows as a dark-blue zone, denoting very low Vs. Areas of intermediate velocity (light green to yellow) extend westward across the Sudan, Chad, and Nigeria, and northward from the Hoggar Swell in southern Algeria. The East Saharan Craton (or Sahara Metacraton) is visible as a series of knobs with higher Vs. The high-Vs core of the West African Craton has relatively sharp, straight boundaries on the W, SW, S, SE, and NE sides, with several protrusions around the northern boundary. The center of the Craton, beneath the Taoudeni Basin, has subtly lower Vs than the immediately surrounding areas. The Congo Craton is seen as an ovoid block with weakly curved edges on the N, NW, SE, and NE sides; the W fl ank extends well out beneath the Atlantic, and the NW edge corresponds to the NE-SW Cameroon Line of volcanic islands. A large block with higher Vs lies offshore from the Namibia-Angola border. Depth Slice of 100-175 km (Fig. 6 ) In this depth slice, the thermal effect of the East Africa Rift is similar to the overlying depth slice, but with a subtle expansion to the west. The Rift's low-Vs zone is bounded by a steep Vs gradient, especially toward the Congo Craton and the NE edge of the Arabian-Nubian Shield. As in the 0-to 100-km depth slice, lower-velocity zones also extend toward the west, around the northern boundary of the Congo Craton. The circular low-velocity feature beneath the Hoggar Swell is more pronounced in this depth slice. The West African and Congo Cratons stand out as large areas of higher Vs. The Kalahari Craton appears as several smaller knobs of moderately higher Vs, bounded by lower Vs along its margin in Botswana and the Namaqua-Natal Fold Belt. The mantle beneath the Bushveld intrusive complex has distinctly lower Vs than the areas immediately to the north and south. The edges of the two larger cratons, in particular, are largely defi ned by straight to weakly curved segments hundreds to thousands of km in length. Comparison with Figure 4 shows that these margins appear to be steep (i.e., their lateral migration with depth is limited), though this may be accentuated by the limitations of the tomographic model. One of these sharp boundaries, along the NW edge of the Congo Craton, extends well out beneath the Atlantic margin along the Cameroon Line of Quaternary volcanoes. The eastern and southeastern edges of the higher Vs area of the Congo Craton are sharp, but the SW portion of the Craton, which has been heavily reworked in Proterozoic time (Fig. 2 ) has lower Vs. However, the tomographic model is less reliable in this area. The relative Vs anomaly of the seaward extensions of the Congo Craton is less than in the 0-to 100-km depth slice. At the southern end of the East Africa Rift the Tanzanian Craton shows no higher Vs root in this depth slice, but the southern block of this Craton is recognizable as a small knob of slightly anomalous Vs surrounded by the low Vs of the surrounding Proterozoic mobile belts.
The Sahara Metacraton shows up as an irregular area of intermediate Vs, with considerable structure that is consistent with it comprising several terranes. Areas of higher Vs underlie parts of the West African Mobile Zone along the eastern side of the West Africa Craton. The accreted terranes of the East African Orogenic Zone are strongly affected by the thermal overprint of the East Africa Rift. The closed ocean of the Damara Orogen is underlain by intermediate Vs, similar to that beneath the Namaqua-Natal Belt.
Depth Slice of 175-250 km (Fig. 7)
In this depth slice, the thermal effect of the East African Rift is more concentrated toward the central part of the rift zone, but lower-velocity areas extending from it toward the W and NW are more pronounced and continuous. The low-Vs feature under the Hoggar Swell persists with depth and remains relatively stationary.
The West African Craton and the Congo Craton retain higher Vs "roots" at these depths, though with more range in amplitude. Their boundaries show only small displacements relative to their positions in the higher depth slices. The Kalahari Craton shows the largest changes with depth; in particular, the SW part of the Kaapvaal Block shows low velocities compared to the other cratons. The expression of the southern block of the Tanzanian Craton is very weak in this layer.
At this depth the Sahara Metacraton appears to consist of several distinct blocks of intermediate Vs, with low-Vs zones between them. Similar material extends across Algeria N of the Hoggar low-Vs feature. The zone of higher Vs material off the coast of northern Namibia persists to these depths, and is separated from the Congo Craton by a belt of (mostly) low-Vs material that extends down into the Damara Orogen.
Depth Slice of 250-325 km (Fig. 8)
In this depth slice, much of northern Africa east of the West Africa Craton consists of low-Vs material, extending in several arms out from the East African Rift. At greater depths (not shown) these expand further, joining to form the top of the African Superswell (Nyblade and Robinson, 1994) . The Hoggar feature remains stationary in this depth slice and below, suggesting that at least in the upper mantle, it represents a plume-like structure.
The northern part of the West African Craton persists as a high-Vs feature to these depths, with little change in its boundaries except for "erosion" along the northern edge. A belt of lower Vs separates this block from several higher Vs knobs along the S edge of the Craton. The Congo Craton also has a pronounced "root" at these depths, concentrated toward the SE part of the Craton; its eastern edge is defi ned by a sharp gradient toward the rift zone. The small root under the Zimbabwe Block has weakened, and at these depths the Kaapvaal Craton does not have a high-Vs signature. The higher Vs mantle seen offshore from the Congo Craton and the Angola coast is less pronounced in this depth slice, and the Damara Orogen has become a distinctly low-Vs zone. A zone of intermediate Vs links the low-Vs zone along the S margin of the Congo Craton to the East Africa Rift. The Sahara Metacraton has largely disappeared, and is visible only as remnants scattered among a series of low-Vs areas.
Tomographic Sections (Fig. 9) A series of cross sections through the tomographic model to depths of 1000 km emphasizes the vertical and lateral heterogeneity in seismic velocity. Visualization of velocity anomalies over a signifi cant depth range requires a normalization procedure, to ensure that the color scale or contours represent similar properties at each depth. Two materials in Layer 2 may have a given Vs contrast, but pressure effects will diminish this contrast, if the same materials occupy Layer 10. For example, Layer 10 in our model (850-1000 km) has a maximum Vs anomaly of 1.3% relative to the Earth model, whereas Layer 2 (100-175 km) has a maximum Vs anomaly of 8.4%. However, these two ranges may well represent similar variations in composition or temperature (T). A more robust representation can be produced by normalizing to the variance in the data, as all materials are subject to the same pressure effects. The sections shown in Figures 9 and 10 and the Animations therefore were constructed by fi rst dividing the data in each layer by its standard deviation, and then linearly scaling the entire normalized data set so that the maximum and minimum values are the same as the original minimum (−8.8) and maximum (8.4) values in the un-normalized data (which occur in Layers 1 and 2, respectively). Physically, this is equivalent to moving each layer from depth to near-surface levels to calculate the Vs anomaly, and the resulting images should allow direct comparison of physically similar materials at different depths.
The most striking feature of Figure 9 is the extent and irregularity of the continental "roots." A series of higher Vs bodies (defi ned here by the transition from blue to dark green) is penetrated from below, and ultimately separated by narrow fi ngers of lower Vs material, which coalesce at greater depth (ca. 1500 km) to form the top of the African Superswell (Grand et al., 1997; Ritsema et al., 1999; Simmons et al., 2006 Simmons et al., , 2007 .
In section AA′, the higher Vs root of the West African Craton extends to >300-km depth, espe-cially on its east side. The root of the Arabian-Nubian Shield is similar in thickness, but markedly lower in mean velocity. The Sahara Metacraton has a thinner, lower-velocity root (ca. 150 km). The Hoggar feature (H) represents the top of a column of lower Vs mantle that extends to depths ≥1000 km. Despite their differences in Vs, the "roots" show sharp, steeply-dipping boundaries with the adjacent lower Vs mantle. In a section across the southern part of the West African Craton (BB′) the higher Vs root is ≥300 km thick. The lower Vs area extending westward from the East African Rift in the 100-to 175-km depth slice (Fig. 6 ) connects with the EAR. Section CC′shows that the root of the Congo Craton extends to depths of 300−350 km adjacent to the EAR. This root extends at least 300 km out beneath the Atlantic Ocean at depths of 50−250 km.
Section DD′ extends from the western Atlantic Ocean, across the Kalahari Craton and Madagascar. It shows a wide band of higher Vs material to depths >100 km beneath the E margin of the Atlantic Basin adjacent to the Walvis Ridge, separated from the Kalahari Craton lithosphere by the lower Vs lithosphere beneath the Damara Orogen. Beneath the northern Kalahari Craton, higher Vs material extends to 200-to 300-km.
Section EE′ emphasizes the higher Vs and greater depth extent of the roots beneath the West African and Congo cratons, compared to the Kalahari Craton. The Benin-Nigeria Trough and the Damara Orogen separate these three cratons, and are characterized by thinner and lower Vs SCLM.
Section FF′, in contrast, emphasizes the deep extension of higher Vs material beneath the Congo Craton, the rising "fi ngers" of lower Vs material, and the apparent steep margins of both the Craton and the Arabian-Nubian Shield toward the East African Rift. The higher Vs root of the Congo Craton thins westward but extends >250 km seaward of the continental margin.
The transition from dark green to light blue that is evident in all sections is equivalent to an ~1.5% change in depth-normalized Vs anomaly; its origin is not clear. The variable depth at which this transition occurs, and its variable thickness, would seem to argue against this feature being an artifact of the data treatment or purely due to the vertical smearing implicit in the inversion and interpolation of the tomography model. It probably refl ects variations in thermal or compositional gradients with adjacent mantle. Allowing up to 100 km vertical smearing, these sections imply that the base of the higher Vs parts of the roots varies between ~150 and 300 km, similar to global estimates of SCLM thickness (e.g., van der Lee and Nolet, 1997; Ritsema et al., 1999; Debayle and Kennett, 2000; Ritsema and van Heijst, 2000; Goes and van der Lee, 2002; Gung et al., 2003) . (FIG. 10; ANIMATIONS 1 AND 2) The tomographic data are presented in a 3D view, seen from below looking NE (roughly parallel to line F-F′ in Fig. 9 ); as in Figure 9 , velocity anomalies have been normalized at each depth layer (equal standard deviations) for comparison. Volumes with depth-normalized Vs ≥1.9% above the starting model are shown in red, and volumes with depth-normalized Vs ≥1.9% below the model are shown in blue. This image emphasizes the depth extent of volumes with mildly elevated Vs beneath the cratons, and the irregularity of their bases. The image in Animation 1 illustrates the effect of choosing different velocity-anomaly contours to defi ne the roots; Animation 2 allows these volumes to be viewed from different azimuths. In light of the resolution tests on the tomographic model (e.g., Figs. 3 and 4) , we regard the local extension of this higher Vs material to depths of >300 km as probably real, and comparable to the green to blue transition seen in the cross sections ( Fig. 9) . Given that the strongly depleted part of the SCLM is probably <250 km thick (see Mantle Petrology, below), the nature of these deep roots with mildly elevated Vs is not clear. However, they must refl ect small differences in composition and/or temperature relative to the adjacent mantle. The relatively shallow root of high-Vs material beneath the Kalahari Craton, compared to the Congo and West African cratons, is striking. The low-Vs material along the East Africa Rift Zone and its subsidiary branches is interpreted as hot, relatively fertile "asthenospheric" mantle rising from the top of the African Superswell.
THREE-DIMENSIONAL MODEL
MANTLE PETROLOGY
Suites of mantle-derived xenoliths in volcanic rocks provide estimates of the geothermal gradient and composition of the subcontinental lithospheric mantle (SCLM) at the time of the volcanic eruption. The development of thermometry and barometry applied to xenocryst minerals in volcanic rocks has greatly expanded the number of localities for which such data can be obtained, and made it feasible to map the geology of the SCLM on a broader scale, both vertically and laterally Griffi n, 1996, 2006) . From garnet and chromite xenocrysts in kimberlites and basalts, we can derive profi les showing the variation with depth of mean olivine composition (a major control on seismic velocity), bulk-rock composition, density and calculated seismic velocities, as well as geotherm parameters and constraints on the thickness of the depleted SCLM. Such "Chemical Tomography" profi les (Fig. 11) , coupled with Re-Os dating of perido tites and their enclosed sulfi de minerals Griffi n et al., 2002 Griffi n et al., , 2004 , indicate that Archean or Proterozoic SCLM is preserved, at least at shallow levels, beneath many areas of younger tectonothermal age.
The secular evolution in the composition of the SCLM (Griffi n et al., 1999) is important for the interpretation of seismic tomography. Chemical tomography profi les indicate that Archon SCLM typically is strongly depleted in basaltic components; it is highly magnesian, thick (at least 160-250 km), and has low geotherms. Tecton SCLM is typically fertile (rich in basaltic components), Fe-rich, apparently thin (50-100 km), and has a range of high geotherms; the SCLM underlying Protons tends to be intermediate in these respects. The correlated variations in SCLM fertility, lithospheric thickness, and geotherm reinforce the effects of each on seismic velocity, and produce more rapid lateral variations in seismic response than would result from thermal effects alone. These correlations are the key to using seismic tomography images to map the lateral extent of different types of SCLM (Deen et al., 2006; O'Reilly and Griffi n, 2006) .
Chemical tomography sections for a number of localities across southern Africa can be used to illustrate the correlations between mantle type and Vs, and to provide a basis for interpreting the seismic tomography images in terms of SCLM composition and history. An example is shown in Figure 11 ; vertical variations in rock types and degree of metasomatism are refl ected in calculated Vs. Different styles of metasomatism have different effects on bulk composition and seismic velocity. Thus lherzolitic rocks produced dominantly by phlogopite-related metasomatism (green in Fig. 11 ) may still be relatively magnesian, whereas the melt-related metasomatism (red in Fig. 11 ) signature is typical of sheared lherozlite xenoliths, which have low Mg# and compositions approaching that of the convecting mantle, and hence lower Vs. The petrological data thus provide information on the vertical variation of Vs at a scale that rarely can be imaged by seismic techniques, but which can help to interpret the mean seismic velocities of individual areas.
Chemical tomography sections beneath Archean cratons typically show a depleted, variably metasomatized SCLM extending to depths of 150−250 km; the base of these sections commonly is marked by a zone of intense, melt-related metasomatism, which has been described as the "Lithosphere-Asthenosphere Boundary" (e.g., O'Reilly and Griffi n, 2006; references therein). However, it is not clear that this term is appropriate, because there is no evidence from xenolith data, or from seismic data, that this melt-metasomatized zone is underlain by fertile, convecting mantle (i.e., the asthenosphere). Instead, it is possible that this "LAB" Figure 13 . More detailed tomographic imagery (P-wave velocity [Vp]) over part of this area by James et al. (2001) shows similar features (see below). The section sampled by the Group I (ca. 90 Ma) kimberlites of the SW Kaapvaal Craton (Fig. 11) is moderately depleted between 130 and 170 km but more fertile above ca. 130 km. The base of the depleted SCLM lies at 160−170 km, and fertility increases rapidly with depth toward the base of this depleted layer. This chemical variation produces strong vertical gradients in Vs but a moderately high mean value in this depth slice, refl ected in the red to pink colors for this area in the tomographic model.
represents simply a level where mantle-derived melts have accumulated, metasomatizing the surrounding lithospheric mantle; this represents a minimum thickness for the depleted SCLM at the time of kimberlite eruption but does not constrain the maximum thickness of the SCLM .
Data on paleogeotherms, derived from analyses of xenolith or xenocryst suites, are available from many kimberlites of different ages (500 Ma to <80 Ma) scattered across southern Africa. Kimberlite intrusion may represent minor thermal perturbations, but these would relax to an ambient geotherm within <100 Ma (O'Neill et al., 2005) . The limited range of T recorded in xenolith geotherms (Fig. 12 ; c.f. Bell et al., 2004) suggests that present-day temperatures at depths of 100-to 175-km are relatively uniform within the cratons but higher in off-craton areas (Protons and Tectons). This implies that most of the variation in Vs across the cratonic areas is related to compositional variations (Deen et al., 2006) . In general, highly depleted peridotites will yield high Vs, while more fertile compositions will give low Vs (Rudnick et al., 1998; Griffi n et al., 1999; James et al., 2004; O'Reilly and Griffi n, 2006) . The Vs of the least depleted SCLM peridotites, which typically are found near the base of the depleted SCLM, approaches the Vs of the "asthenosphere" ("melt metasomatized" category in Fig. 11 ).
Comparisons between chemical tomography sections and the Vs tomography of the 100− Animation 1. 3D representation of isocontours of positive-velocity anomalies beneath Africa (shaded red). African coastline and 0-to 100-km horizontal tomography slice plotted for reference. The anomalies are isocontoured between 1.2% and 2.4%, at intervals of 0.1%, and the results are presented as a time series. If you are viewing the PDF of this paper or reading it offl ine, please visit http://dx.doi.org/10.1130/GES00179.S1 or the full-text article on http://geosphere .gsapubs.org/ to view Animation 1.
Animation 2. A perspective view of the depthnormalized, fast-velocity anomalies beneath
Africa, isocontoured at +1.9%. The time series represents varying azimuth, viewed from the southwest. If you are viewing the PDF of this paper or reading it offl ine, please visit http://dx.doi.org/10.1130/GES00179.S2 or the full-text article on http://geosphere .gsapubs.org/ to view Animation 2.
The Limpopo Belt section is more strongly depleted and thicker; this would predict a higher Vs than for the Kaapvaal section. However, this area has only moderately high mean Vs (100−175 km); the discrepancy probably refl ects reworking of the continental root by events subsequent to the 500 Ma intrusion of the kimberlites, including a major Karoo dike swarm (Griffi n et al., 2003a). The kimberlites of northern Botswana (ca. 90 Ma) and southern Botswana (ca. 200 Ma) have sampled mantle sections that contain relatively little depleted harzburgite/ lherzolite, and may refl ect Proterozoic reworking of the Archean margin of the Kalahari Craton. The 1.2 Ga Premier kimberlite erupted through a mantle section affected by the 2.05 Ga intrusion of the Bushveld Complex. Xenolith suites contain abundant pyroxenites (Hoal, 2004) , suggesting that the intrusion of mafi c magmas refertilized the Archean SCLM in the 100-to 175-km depth range, and this is consistent with the relatively low Vs beneath this area (see also Fouch et al., 2004) . The sections sampled by kimberlites near the boundary between the Kalahari Craton and the Namaqua-Natal Belt, and in the Kariba Valley (an area of Mesozoic rifting on the edge of the Zimbabwe Craton), appear to have thinner and more fertile SCLM than any of the more "cratonic" sections; they also have higher geotherms. These three factors reinforce one another to produce markedly lower Vs (yellow to palegreen colors) in the Namaqua-Natal Belt, and the transition to lower Vs on the NW edge of the Zimbabwe Craton.
The section from Tanzania is relatively depleted down to ca. 160 km, but deeper levels are strongly metasomatized, apparently by the intrusion of mafi c melts (Griffi n et al., 1994 (Griffi n et al., , 2003a Chesley et al., 1999; Lee and Rudnick, 1999) . The calculated mean Vs for the 100-to 175-km depth slice is comparable to that in northern Lesotho, while the green to blue colors beneath this area in the tomographic images show much lower Vs. This discrepancy clearly is related to the evolution of the East Africa Rift. The kimberlites used to construct the SCLM section and paleogeotherm are Cretaceous in age, and the observed low Vs is interpreted as refl ecting the present-day thermal effect of the East Africa Rift. Surface-wave studies indicate that the depleted lithosphere beneath Tanzania probably is ca. 170 km thick (e.g., Ritsema and van Heijst, 2000; Weeraratne et al., 2003) .
Alkali basalts scattered across northern Africa and along the East Africa Rift carry spinel-lherzolite xenoliths of fertile to moderately depleted compositions. Worldwide, such basalts are erupted along elevated advective geotherms similar to the well-defi ned southeast Australia xenolith geotherm (O'Reilly and Griffi n, 1985; Xu et al., 2000) , and typical SCLM thicknesses are <100 km, so that mean temperatures in the 100-to 175-km depth slice approach the mantle adiabat (1200-1300 °C). In our tomographic images, many of these localities are shown in yellow to green tones. However, localities in the East Africa Rift Zone, and the center of the Hoggar massif, have much lower Vs (blue tones in Fig. 6 ) in the 100-to 175-km depth slice. Deen et al. (2006) eruption of Neogene basaltic volcanoes. However, Afonso et al. (2008) have shown that the presence of melt is not required, because a similar effect will be caused by the high-T onset of anelastic attenuation in olivine.
In principle, there is no unique solution for the combination of SCLM composition and geotherm that will produce a given Vs. However, as noted above, there are strong worldwide correlations between SCLM composition, apparent thickness and geotherm, and a limited range of real geotherms and mantle compositions. Deen et al. (2006) examined the relationships between these factors and Vs, using a series of parameterized geotherms and the mean Archon, Proton, and Tecton SCLM compositions of Griffi n et al. (1999) . The results demonstrate that the high Vs represented by the red to white colors of Figures 6 and 13 can only be modeled using strongly depleted compositions and low conductive geotherms (30-35 mW/m 2 ). Areas such as the Sahara Metacraton, on the other hand, require more fertile compositions (≈Proton SCLM) and moderate geotherms, while areas such as the Damara Orogen were best modeled with Tecton compositions and moderate to high geotherms.
DISCUSSION (1) Tectonic Evolution of Africa
The maps of crustal history and upper lithospheric domains (Figs. 1 and 2) can be used to reconstruct the tectonic evolution of the continent. The nuclei of Africa's great cratons (West Africa, Congo, and Kalahari) existed by early Neoarchean time (Fig. 14) . Other fragments of Archean lithosphere were juxtaposed to these nuclei via a series of accretionary and collisional events throughout the Proterozoic. Here we briefl y describe this series of events, with emphasis on periods of signifi cant change. All directions and orientations are relative to present-day Earth coordinates.
(a) 2.7-2.5 Ga
The Archean cratons of West Africa, including greater Leo-Man-Ghana, Taoudeni, and Reguibat, probably were widely separated at this time. By ca. 2.8 Ga the core of the Congo Craton was ~2000 km across; on the southern edge the small Kasai Craton probably was accreted during Neoarchean time. The Zimbabwe Craton was amalgamated by a series of east-directed collisions between 2.68 Ga and the docking of the Limpopo microcontinent by ca. 2.60 Ga (Dirks and Jelsma, 2002 Ramokate et al., 2000) . The West Africa Craton collided with the Amazon Craton (not shown) along the Trans-Amazon Province to the SW at ca. 2.0 Ga (Santos et al., 2000 (Santos et al., , 2003 . The Reguibat Craton also docked with West Africa at about this time, while the Congo Craton collided with both the Sao Francisco and Angola Cratons; the Gabon microcontinent was involved in this collision.
The Tanzania Craton collided with the Bangweulu domain at ca. 1.95 Ga along the Ubendian Orogen (Lenoir et al., 1994; Ring et al., 1997; Boven et al., 1999) , followed by accretion of the Ugandan microcontinent in the north at ca. 1.85 Ga. This was followed at ca. 1.8 Ga by collision with the Congo Craton along the paleo-Kibaran Orogen, to form a coherent Congo-Tanzania-Bangweulu Craton. The Taureg Craton (formed by a ca. 2.0-1.9 Ga amalgamation of the Hoggar terranes) initially docked with West Africa at ca. 1.85 Ga. The timing of collision of the Maltahohe Craton along the western edge of the Kaapvaal Subcraton is poorly constrained; it is taken as ca. 1.9-1.8 Ga, though it may be as late as ca. 1.3-1.2 Ga (Eglington, 2006) .
(c) 1.4-1.3 Ga
African Mesoproterozoic orogenic activity is limited to the margins of the Congo and Kalahari Cratons and the North Mozambique microcontinent. The latter behaved as a rigid block during Mesoproterozoic orogenesis. The sedimentary and magmatic record of the Kibaran Belt of the Congo Craton (Klerkx et al., 1987; Tack et al., 2002; Cutten et al., 2004) is consistent with a plume-related intracratonic rift setting (Tahon et al., 2004 ) that may or may not have generated oceanic crust. Accretionary events of this age are rare around the Congo Craton margin, and the continuity of any orogen to the south is obscured by Neoproterozoic sediments of the Lufi lian arc. Arc activity occurred mostly to the south of the Kalahari Craton at this time (e.g., Namaqua Belt; Eglington, 2006) , and the Choma-Kaloma Block in Zambia may have docked with the northwest edge of the Kalahari Cra-ton at ca. 1.35 Ga or perhaps during the late Mesoproterozoic Irumide Orogeny.
(d) 1.2-1.0 Ga
The events of the Late Mesoproterozoic may be considered in a broad framework involving SSE-NNW convergence between the Kalahari and Congo-Tanzania-Bangweulu cratons, and the effect of stress transference across rigid cratonic lithosphere. A series of microcontinental belts (Sinclair zone, Gordonia, Namaqua, and southern Mozambique?) and island arcs (e.g., Tugela, Mzumbe, and Margate) accreted to the SW and SE edges of the Kalahari Craton from ca. 1.3-1.06 Ga (Eglington, 2006) , possibly terminating with collision of the Saldania microcontinent. Convergence then switched to the northern margin of the Kalahari Craton, facilitating accretion of the Rushinga microcontinent (the basement to the Southern Irumide of Johnson et al., 2005) along the proto-Zambezi Orogen, and ending with collision along the Irumide Orogen at ca. 1.02 Ga (De Waele et al., 2003; DeWaele, 2005; Johnson et al., 2005) . Movement on transcurrent faults in the Namaqua-Natal Belt persisted until ca. 980 Ma (Jacobs et al., 1997) . The Mozambique microcontinent, created by amalgamation of a northern microcontinent with the Lurio microcontinent by ca. 1.05 Ga, may have been incorporated into the broader Irumide Orogen and accreted to a combined Kalahari-Congo-Tanzania-Bangweulu Craton at ca. 1 Ga (Pinna et al., 1993) .
(e) 900-500 Ma
Rifting from ca. 800 Ma separated the Congo-Tanzania-Bangweulu, Kalahari, and Mozambique cratons; new oceanic crust may have separated the Kalahari and Mozambique cratons at this time. Early-Middle Neoproterozoic rifting of the Taureg Craton from West Africa created a marginal sea of undetermined width. The velocity response and apparent rigidity of a block of SCLM on the western margin of West Africa suggest the presence of a "Senegal Craton," which may originally have rifted off West Africa, or may be an exotic fragment that docked during the Pan-African Orogeny. The Eastern Saharan Craton probably was amalgamated from older fragments prior to the Neoproterozoic. The Arabian-Nubian Shield comprises a series of ca. 900-720 Ma island-arc terranes accreted to Archean microcontinents in the west and south at ca. 750-720 Ma.
Convergence and ocean closure during the Pan-African Orogeny began with collision of the Eastern Saharan and Taureg cratons at ca. 650 Ma, followed by collision with the West Africa Craton at ca. 620 Ma, forming the Pharusian-Dohomeyan Orogen, then with the Congo-Tanzania-Bangweulu Craton by ca. 600 Ma, forming the Oubanguides thrust belt. Later stages of the Pan-African convergence involved suturing of the Arabian-Nubian Shield to northern Africa, (re)docking of the Senegal Craton to West Africa, and fi nal convergence and suturing of the Mozambique, Kalahari, and Congo-Tanzania-Bangweulu cratons. An (initially) low-angle collision between NW Kalahari and the Congo-Tanzania-Bangweulu Craton at 550-520 Ma (Johnson et al., 2005) formed the Damaran Orogen.
(2) Craton Margins, Rifts, and Continental Breakup
The summary above emphasizes the major role that the Archean cratonic nuclei have played in determining the tectonic history and structural fabric of Africa, and illustrates the importance of the craton margins as major discontinuities in composition and rheology. In the tomography, these margins appear as zones of strong gradients in Vs, extending to depths of ≥300 km around the West Africa, Congo, and northern Kalahari Craton. These steep gradients over considerable depth cannot be explained by temperature differences alone; they require large compositional gradients as well.
The very low Vs seen beneath the East Africa Rift and its branches across northern Africa could refl ect the presence of fl uids and melts (Deen et al., 2006) but can also be explained by the high-T anelastic attenuation of seismic waves in peridotite . The tomographic sections ( Figs. 9 and 10) suggest that the deep roots of the cratonic blocks play a major role in guiding the upwelling hot mantle emanating from the top of the African Superswell, in the upper few hundred kilometers of the mantle (c.f. Ebinger and Sleep, 1998; Sleep et al., 2002) . The juxtaposition of this material with the cold, depleted cratonic roots produces the sharp Vs gradients at the craton margins.
The role of the craton margins in channeling fl uids from sublithospheric depths is illustrated by the distribution of rocks produced by relatively low-degree melting, such as carbonatites, neph-eline syenites, and kimberlites. These rocks typically occur in belts or linear arrays following the sharp Vs gradients around the cratons (Fig. 15 ). The edges of cratonic blocks are former tectonic sutures (e.g., the Proterozoic belts in Kenya, Uganda, and Tanzania; Burke et al., 2003) , and these are prone to tectonic reactivation. Associated decompression melting, or small-scale convection generated along steep boundaries between lithosphere and asthenosphere (O'Neill et al., 2005) , may explain the focusing of these low-degree melts along craton margins.
This control of deep lithospheric structure on magma emplacement is not confi ned to large-scale structures but extends to the smaller scales that can be resolved with regional seismic tomography. Figure 16 shows the distribution of kimberlites in southern Africa, superimposed on the detailed regional Vs model of Fouch et al. (2004) . In this higher-resolution model, as in the global model, the kimberlites cluster around and between the high-Vs domains, or in low-Vs areas; they tend to avoid the high-Vs volumes, which are interpreted here as the least modifi ed remnants of the original cratonic SCLM .
The coincidence of the Cameroon Line of volcanoes with the NW edge of the Congo Craton ( Fig. 15 ), including its offshore extension, is a striking example of the control of craton margins on magmatic activity. The last volcano at the SW end of the Line marks the NW corner of the seaward extension of the Congo Craton SCLM as seen in our seismic model. The Hoggar Swell, a major circular uplift >600 km in diameter and capped by Tertiary to Quaternary basaltic volcanoes, appears to lie above a narrow secondary "plume" rising from the African Superswell (Fig. 9, section AA′) . Its position at the surface appears to be controlled by the margin of the West African Craton, and secondarily by major terrane boundaries within the Pan-African assemblage of northern Africa.
The passage of asthenosphere-derived magmas (particularly arc-, but also rift-and plumerelated) and other fl uids may be the major cause of modifi cation of the cratonic SCLM, leading to a gradual and irreversible increase in fertility. However, the apparent craton-margin control of magmatism even where Vs is lower than in the craton cores suggests that modifi ed cratonic SCLM can still retain its structural coherency. As a result, craton margins also have played a major role in localizing rifts (Fig. 15) , and in the breakup of earlier continental assemblies (see above). This implies a large difference in lithospheric strength across the margins, consistent with the numerical modeling studies of Lenardic et al. (2000) . The present trace of the East Africa Rift, and its branches across northern Africa, mostly refl ect earlier sutures (e.g., Burke et al., 2003) ; Africa is once again being disrupted along ancient lithosphere-scale discontinuities.
(3) Cratonic SCLM-Composition, Origin, and Modifi cation
The petrology of the Archean SCLM is known mainly from several well-studied xenolith suites, and estimates of its typical composition are based heavily on xenoliths from the Group 1 (≤90 Ma) kimberlites of the SW Kaapvaal Craton. However, comparison of chemical tomography sections from Group 1 and Group 2 (≥120 Ma) Figure 13 . At this level of detail, as well as on the regional scale (Fig. 15) , the kimberlites cluster around the margins of high-Vs volumes and in low-velocity zones.
kimberlites (Griffi n et al., 2003a) suggests that the SCLM underwent considerable modifi cation between 120 and 90 Ma, and older sections such as that from the Limpopo Belt (Fig. 13 ) are considerably more depleted than younger sections from the rest of the Kaapvaal Craton. Thus the mantle sampled by the Group 1 kimberlites may not be representative of typical Archean SCLM. This supposition is strengthened by the tomography, which shows that the SW Kaapvaal Craton has a relatively low-Vs root, compared to the larger cratons ( Figs. 6 and 9) . Figures 15 and 16 show that kimberlites tend to cluster around the peripheries of high-Vs areas (see also Jaques and Milligan, 2004; O'Neill et al., 2005) , and thus have preferentially sampled more strongly modifi ed (refertilized) SCLM. It would appear that no well-studied set of kimberlite-borne xenoliths from Africa has sampled the volumetrically dominant SCLM represented by the high-Vs cratonic roots. Integrated modeling of seismic, gravity, and topography data shows that these roots require an SCLM in which the upper parts (50-150 km) are dominated by strongly depleted harzburgite and dunite, similar to some xenoliths described by Bell et al. (2005) . This composition may be a closer match to the "pristine" Archean SCLM than most published estimates (Griffi n and O'Reilly, 2007; Griffi n et al., 2008) . The Vs tomography of Africa to 175 km (Figs. 5 and 6) suggests that this highly depleted material still dominates the cratonic roots beneath the West Africa, Congo, and Zimbabwe cratons, areas with very limited xenolith coverage (Fig. 15 ).
Our tectonic analysis indicates that most areas of Proterozoic tectonism and magmatism within Africa are concentrated along ancient craton margins, and their development has involved the modifi cation of Archean crust which presumably was underlain by Archean SCLM (P/A and T/P/A in Fig. 2) . Comparison of the tomography and limited xenocryst data suggests that the SCLM beneath most of these areas represents refertilized Archean SCLM, rather than juvenile Proterozoic SCLM. This suggestion is borne out by Archean Re-Os model ages on xenoliths from some Proton areas (P/A, Fig. 2 ; Carlson et al., 1999) . One exception may be in southern Namibia, where xenoliths have yielded no Re-Os model ages older than the Paleoproterozoic (Carlson et al., 1999; Griffi n, 2008, personal observ.) .
The seismic velocity of Archean SCLM appears to show an inverse correlation with the number and duration of overprinting tectonothermal events. Such events include arc magmatism, arc accretion, cratonic collision, and intrusion of plume-or rift-related mafi c mantle melts. Thus originally Archean terranes showing evidence of repeated tectonothermal overprinting, such as the Sahara Metacraton, have lower velocity than less reworked Archean domains.
If correct, these observations would suggest that much of the secular evolution of SCLM composition from Archean through the Proterozoic described by Griffi n et al. (1998 Griffi n et al. ( , 1999 , in fact represents modifi cation of Archean SCLM, rather than the generation of juvenile intermediate-composition SCLM.
(4) A Tectonothermal Map of the SCLM (100-175 km)
Thermal-compositional modeling (Deen et al., 2006; Afonso et al., 2008) , the correlations between xenolith and xenocryst data and seismic tomography (Fig. 13) , and the map of crustal and upper mantle lithosphere tectonothermal history (Fig. 2) provide a basis for interpreting the seismic tomography in terms of SCLM composition and evolution.
Using the arguments presented above, we interpret the highest-Vs material in the cores of the major cratons (pink to white colors in Fig. 6 ) as consisting of highly depleted dunite and harzburgite, representing relatively unmodifi ed Archon SCLM. The lower velocities around the high-Vs cratonic cores are interpreted as representing moderate refertilization of this original Archean SCLM by asthenospherederived melts and fl uids, producing the garnetlherzolite compositions commonly accepted as "typical Archean SCLM" (e.g., Griffi n et al. 1999; Fig. 11 ). Further refertilization during subsequent tectonic events would produce still lower Vs, tending toward the velocities represented by green to yellow colors in Figure 6 . If this mechanism is accepted, the map of tectonothermal domains (Fig. 2) can serve as a guide to the timing of the last major modifi cation of the SCLM, and can identify domains in which the upper and lower lithosphere have been coupled, or decoupled, during major tectonic events. Figure 17 shows an interpretation of the tectonothermal history of the 100-to 175-km depth slice (Fig. 6) , which is the depth range best represented by xenolith data in southern Africa. Boundaries between domains are drawn on the basis of the tomography and available xenolith data; they are deliberately left "open" to emphasize the polycyclic and probably gradational nature of many boundaries. Comparison of Figure 17 with the upper lithosphere domains (Fig. 2 ) shows many similarities: most of the upper lithosphere Archons are underlain by unmodifi ed Archon SCLM, and most Protons or Tectons are underlain by more fertile SCLM. These patterns are consistent with the concept of a strong coupling between the SCLM and the overlying crust. However, in a number of areas there appears to be a disjunct between the interpreted tectonothermal age of the upper and lower lithosphere, and these provide insights into tectonic processes.
In this interpretation, the West Africa Craton is largely underlain by Archon-type SCLM, although this block is shown largely as P/A in Figure 2 . If correct, this implies that the Paleoproterozoic tectonic activity that affected much of the West African Craton did not strongly modify the Archean cratonic root. Mesoproterozoic to Neoproterozoic mobile belts along the eastern and western boundaries (Fig. 1) are underlain by less depleted mantle, interpreted here as refertilized Archon SCLM.
The Congo Craton is underlain mainly by Archon-type SCLM; on its southern margin, the survival of the high-Vs root beneath crust shown as P/A in Figure 2 refl ects the relatively weak nature of the Proterozoic tectonothermal event in this area. Farther to the SW the Craton has much lower Vs at this level; limited xenocryst data show fertile garnet lherzolite compositions (V. Malkovets, 2007, personal commun.) . We interpret these low velocities as showing that the SCLM has been strongly refertilized during the Proterozoic events (subduction, accretion, and collision) that have affected this area. Narrow zones of lower Vs along the eastern and northern boundaries of the Craton may also refl ect modifi cation of Archon SCLM during Paleoproterozoic and Mesoproterozoic (Kibaran) events on the eastern boundary and Paleoproterozoic and Neoproterozoic events on the northern margin.
The Kalahari Craton retains an irregular nucleus of Archon SCLM, strongly modifi ed by Proterozoic tectonic events along its edges. The area underlain by the Bushveld Complex (central northern part of the Kaapvaal Craton), the related Molopo Farms Complex to the west, and the corridor between them, is distinctly lower in Vs (James et al., 2001; Fouch et al., 2004;  Fig. 16 ), refl ecting the severe modifi cation of the SCLM seen in the Premier xenolith suite ( Fig. 13 ; Danchin, 1979; Hoal, 2004) . Low velocities along the southern margin of the Craton refl ect both Mesoproterozoic and Neoproterozoic tectonic events.
The Tanzanian Craton (Fig. 1 ) is shown here as T/A; it contains Archon crust (Fig. 2) , but the SCLM is overprinted by the thermal and metasomatic effects of the East Africa Rift (Fig. 13) . The Lufulian Arc and the largely covered area to the SW are shown as T/P and T/P/A (Fig. 2) but are underlain by moderately high-Vs mantle, interpreted here as modifi ed Archon SCLM (P/A).
The relative paucity of juvenile Proton crust across Africa, despite a prolonged history of Proterozoic arc convergence, indicates that many of the Proterozoic terranes (including some island arcs) are built on fragments of older (Archean) SCLM, and that much of the juvenile Proterozoic lithosphere has been removed. Some preserved juvenile Proterozoic crustal terranes may be either allochthonous on modifi ed Archean SCLM, or formed under dominantly extensional conditions, in which ascending melts experience little interaction with adjacent (older) lower crust.
Most of the SCLM beneath the Pan-African assemblage in eastern and northern Africa, including the Oubanguides Belt, is interpreted as originally Archean SCLM that has been strongly modifi ed (refertilized) during Proterozoic and Pan-African tectonic activity. The Sahara Metacraton is clearly different to the other African cratons. Cryptic Archean crustal signatures among dominantly Proterozoic terranes suggest extreme tectonothermal reworking during multiple Proterozoic to early Paleozoic events (T/P and T/P/A; Fig. 2 ). It appears to have a relatively fertile "root," which may consist of several discrete blocks. These are interpreted (Fig. 17) as microcontinental blocks with strongly modifi ed, dominantly Proterozoic SCLM, swept together during the Pan-African accretion event.
The SCLM beneath the East Africa Rift currently is being strongly thermally overprinted and metasomatized by fl uids and melts related to Neogene volcanism, and hence is shown as Tecton SCLM; the same interpretation applies to the Hoggar low-Vs anomaly. Remnants of higher Vs material, which may represent small continental blocks with attached SCLM, occur in the Pan-African belt to the east and south of the Rift, including the offshore areas.
If Archean SCLM, albeit strongly modifi ed, persists beneath many P/A areas, then the SCLM beneath many of the areas shown as T/P/A and T in Figure 17 may also represent reworked Archean SCLM. Indeed, the only juvenile "Tecton" SCLM beneath Africa may occur in the central part of the East Africa Rift, and its branches across northern Africa, including the Hoggar Swell. These interpretations remain to be tested by detailed Re-Os studies; they imply that the original volume of Archean lithosphere was much greater than presently mapped even by this study.
(5) Thickness of the SCLM
We have shown that apart from areas affected by high modern geotherms, there is a reason-able correlation between the composition of the SCLM as determined from mantle xenoliths and its seismic velocity response. The chemical tomography sections (Fig. 13) show that depleted SCLM extends from the base of the crust to depths of ~150 km below the Tanzanian Craton (Griffi n et al., 1994 (Griffi n et al., , 2003a Chesley et al., 1999; Lee and Rudnick, 1999) and ~200 km beneath parts of the Kalahari Craton. The geochemical methods are best suited to providing constraints on the minimum thickness of the depleted SCLM; the seismic data suggest that the continental roots extend, at least locally, well below the geochemically defi ned "LAB."
Although the heat of the East Africa Rift has reduced the Tanzania cratonic root to only a subtle feature in our body-wave SH model (Figs. 5-7) , it is clearly visible to a depth of ~170 km in the surface-wave models of Ritsema and van Heijst (2000) and Weeraratne et al. (2003) . Both of these models have depth resolution superior to ours. Signifi cant parts of both the Congo and West Africa cratons extend to depths of >300 km (Figs. 9 and 10) in our body-wave SH model, compared to ~250 km in the surface-wave model of Ritsema and van Heijst (2000) .
Within the Kalahari Craton our SH model shows elevated velocities extending to depths of 200-300 km beneath the Zimbabwe Craton, similar to the surface-wave model of Ritsema and van Heijst (2000; 200-250 km) and the body-wave model of Fouch et al. (2004;  northern part of Fig. 16 ). Beneath the Kaapvaal Craton, our model shows a thinner, lower-amplitude, high-velocity root that fades rapidly with depth and is barely expressed in the 175-250 km layer (Fig. 7) . This compares favorably with the chemical tomography sections (Fig. 13) , in which the base of depleted SCLM varies from ~150 to ~200 km. Other studies of the Kaapvaal Craton indicate a root with minimum thickness of 150-200 km (surface-wave studies of Priestley et al. [2006] and Li and Burke [2006] ), 200-250 km (e.g., body-wave study of Ritsema and van Heijst, 2000) , 250-300 km (body-wave studies of James et al. [2001] and Fouch et al. [2004] ; surface-wave study of Chevrot and Zhao [2007] ), and ~300 km (receiver function study by Wittlinger and Farra [2007] ). Surface-wave studies by Sebai et al. (2006) indicate thicknesses of up to 300 km for the West African, Congo, and Kalahari cratons.
(6) SCLM beneath the Ocean Basins
Along the west coast of Africa from Liberia to the Cape of Good Hope, the continental shelf is typically less than 100 km wide, as shown by the position of the 2000-m depth contour in Figure 5A . However, the tomography shows that the SCLM of the NW fl ank of the Congo Craton, for example, extends >300 km out under the Atlantic Basin (Figs. 5-7) . In the area offshore from the Namibia-Angola border, another volume of high-Vs material, apparently detached from the main cratons, extends ca. 800 km out under the Basin at depths of 100-175 km (Figs. 5-7 and 9, section DD′).
The NW edge of the Congo Craton appears to control the distribution of the Cameroon Line volcanoes (Figs. 5-7 and 9, section CC′; Fig. 15 ). A traverse SE toward the Gabon coast from the offshore Cameroon Volcanic Line reveals a narrow zone of oceanic crust, then a 100-km-wide, NE-SW-trending zone of protooceanic crust (Meyers et al., 1996) also known as the Kribi Fracture Zone (see Lawrence et al., 2002) , followed by a 100-to 200-km-wide offshore zone of rifted continental (pre-Atlantic) crust belonging to the North Gabon Rifted Terrane (Lawrence et al., 2002; Huismans and Beaumont, 2008) . No oceanic crust is known over the bulk of the tomographic feature, consistent with the absence of ocean-fl oor magnetic striping (Korhonen et al., 2007) . Onshore and offshore alkali basalts from the Cameroon Volcanic Line are geochemically and isotopically indistinguishable (Fitton and Dunlop, 1985; Lee et al., 1994; Ballentine et al., 1997) ; their high-µ (HIMU) signature may refl ect interaction with metasomatized continental lithosphere.
The presence of these remnants of continental lithospheric mantle beneath the Atlantic Basin suggests that the opening of the ocean involved thinning and listric detachment of continental crust from its underlying mantle (perhaps with part of the upper SCLM), rather than a vertical alignment of SCLM and crustal fractures. Recent seismic studies in the western Atlantic SE of Newfoundland (Van Avendonk et al., 2005) have identifi ed a 120-km-wide zone of thinned continental crust that appears to have detached from its underlying SCLM during opening of the Atlantic. On the corresponding eastern Atlantic margin offshore from the Iberian peninsula, SCLM without overlying continental crust is exposed in a zone ca. 100 km wide (Pickup et al., 1996; Dean et al., 2000; Shillington et al., 2004) . This situation is analogous to the evolution of the Tethyan Basin, as preserved in the ophiolites of the Ligurian Alps. Detailed studies (Rampone, 2004; Rampone et al., 2005) indicate that the continental SCLM was unroofed during the opening of the ocean; this SCLM was then intruded by basalts, and covered by younger supracrustal sequences, before fi nally being exhumed during nappe emplacement as the ocean closed again. A similar situation has been described from Finland (Joruma ophiolite; Peltonen et al., 2003) where the Archean SCLM was unroofed during the opening of the Svecofennian ocean and became the basement for deposition of a Svecofennian oceanic supracrustal sequence.
Despite the thermal effects of oceanic magmatism, the tomography suggests the existence of numerous small volumes of higher Vs material scattered through the Atlantic Basin. One such volume, beneath part of the Cape Verde islands, has been shown to consist of Archean SCLM, overprinted during Proterozoic to Paleozoic events (Bonadiman et al., 2006; Coltorti et al., 2008) . The presence of such SCLM remnants also can help to explain both ancient Re-Os model ages from abyssal peridotites (e.g., Alard et al., 2005) and the isotopic systematics of ocean-island volcanic rocks . Several of the "deep reservoirs" discussed by isotopic geochemists may in fact reside in relatively shallow remnants of ancient SCLM that can contaminate rising magmas . The implications of this situation will be explored elsewhere.
Crust-SCLM detachment during rifting has profound ramifi cations for continental terrane analysis. During the multiple phases of rifting, accretion, and collision involved in supercontinent cycles, younger crust may be deposited on, or thrust over, the buoyant SCLM of small archons and the fl anks of larger cratons; several examples are illustrated by a comparison of Figures 1, 2 , and 17, as discussed above.
(7) Implications for Earth Dynamics and Continental Evolution
Integration of our knowledge of crustal history with an understanding of the underlying SCLM (composition, age, and velocity characteristics) makes it possible to relate geological events such as subduction-related magmatism, rift magmatism (e.g., the East Africa Rift), and possibly plume magmatism (e.g., the Bushveld Complex), to the processes affecting the SCLM and its modifi cation over time. The integration of continental-scale data sets (e.g., gravity, magnetics, seismic velocity, topography/bathymetry, and geology) in a geographic information system (GIS) environment enables spatial defi nition of the individual lithospheric domains (summarized in Fig. 2 ). If our interpretations of Figures 2 and 16 are correct, then the bulk (at least 65%) of the African SCLM is probably of Archean origin but variably metasomatized by subsequent geological events.
This fi nding is consistent with a dynamic Earth dominated by recycling of juvenile fertile mantle lithosphere (e.g., Armstrong, 1981 Armstrong, , 1991 . The higher density of such material and its relatively hydrous nature (at least in arc settings) are likely to favor its recycling via delamination (e.g., Sobolev et al., 2005) . Recycling of fertile mantle lithosphere and preservation of more depleted (buoyant and resistant) Archean SCLM have major implications for models of crustal growth (e.g., Armstrong, 1981; Taylor and McLennan, 1985; Stein and Hoffmann, 1994; Condie, 1998 Condie, , 2000 ; we suggest that the surface area of continental SCLM has been relatively constant at least since the end of the Archean.
Combining the interpretation of SCLM domains with our understanding of geological history also enables us to reconstruct the growth history of the African cratons and continent, and to recognize the geodynamic processes implicit in this history (Fig. 14) . The rigidity and durability of the depleted Archean SCLM exert a fundamental control on the history of convergent margins and thus on the behavior of plate tectonics. Collisions of cratons, or accretion of microcontinents to cratons, result in transfer of stress and plate rearrangement, and generally initiate consumption of a different oceanic plate (e.g., Cawood and Buchan, 2007) . In extreme cases such behavior can cause multiple, sequential switching of convergent margin activity to different sides of a single growing craton, as described above for the Kalahari Craton.
CONCLUSIONS
The lithospheric architecture of Africa provides many insights into the processes of continental assembly and breakup, and the importance of Archean SCLM for continental dynamics. Africa today consists of several Archean cratons and smaller cratonic fragments, stitched together and fl anked by younger fold belts. The cratons themselves are aggregates of continental fragments 3.6-2.5 Ga in age, and differ markedly from one another in their structure and evolution. The larger cratons are underlain by geochemically depleted, rigid and mechanically robust SCLM. These cratonic roots have steep sides and locally extend to depths of >300 km and have played a major role in the development of the continental framework. The cratonic margins, and some intracratonic domain boundaries, have repeatedly focused ascending magmas, leading to refertilization of the SCLM. These weakened boundaries have localized repeated cycles of extension, rifting, subduction, and renewed accretion; the ongoing development of the East Africa Rift is only the latest stage in this process. The extension of cratonic roots well into the ocean basins suggests the listric detachment of the upper lithosphere during continental breakup, leading to a scatter of lithospheric fragments in the ocean basins. During the closure of oceans, younger crust may be emplaced on older SCLM, either on these microcontinents or the fl anks of larger cratons. The more fertile SCLM that underlies some accretionary belts probably was generated in Archean time, and has been gradually refertilized by the passage of magmas during younger tectonic events. Modifi ed Archean SCLM may thus be far more extensive in Africa than previously estimated. This analysis implies that crustal and lithospheric recycling of post-Archean material during the collision and accretionary process is more important than generally recognized.
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